Abstract-A recently developed control method for multiphase induction machine drives termed the Brush-DC Equivalent control has presented a simpler control strategy that does not use any complex transformations. It has been implemented using a hysteresis current controller and in this paper, a delta modulated current control technique is presented. Delta modulation is proposed in to replace hysteresis control because hysteresis control uses a varying switching frequency which makes harmonic filtering and protection of the inverter difficult. A constant switching delta modulation scheme eliminates these challenges. It has inherent harmonic filtering giving better performance in terms of current and torque ripples. A Brush-DC controlled nine-phase cage rotor induction machine drive is used to investigate the implementation of the delta modulated current controller. The drive is simulated using Matlab/Simulink to determine its performance when stator voltages are used as feedback to the filter in the delta modulator.
I. INTRODUCTION
Multiphase induction machines have better performance characteristics than the three phase machines and are used in electric ship propulsion [1] - [3] and electric vehicle applications [4] . The first multiphase induction machine on record was developed and investigated by Ward and Harer [5] focusing on a five-phase induction machine fed from a ten-pulse inverter. It was shown that the fivephase induction machine torque fluctuations were a third of the fluctuations produced by an equivalent three-phase machine. It was also noted in [6] that with non-sinusoidal voltage supplies, the stator copper losses increase but the rotor ‫ܫ‬ ଶ ܴ losses are reduced. Smaller torque ripples and pulsations are observed when compared to the use of sinusoidal voltage sources.
The development of multiphase systems is constrained by the complexities that come with the design of the control techniques which utilize vector and multidimensional transformations. A simpler control method, termed the brush-dc equivalent (BDCE) control, which does not use the transformations involved in vector-based control techniques has been proposed in [7] . The implementation of the method is similar to the control of a separately excited dc motor with compensation windings. The control method was successfully implemented for a sixphase wound rotor induction machine. Decoupled control of torque and flux was demonstrated. It was extended for implementation on a nine-phase cage rotor induction machine in [8] . The design of the nine-phase induction machine drive using the BDCE control method was fully analysed in [9] . It was noted that the performance of the BDCE controlled nine-phase machine was comparable to that of a constant v/f controlled three-phase induction machine drive of the same power rating.
The PWM inverter current controller used in the BDCE controlled drive presented in [7] and [8] uses hysteresis current control. The investigation done in [8] for the nine-phase cage rotor induction motor shows that there are relatively high losses in the inverter. The losses in the inverter can be attributed to the inverter electronic circuitry, the inverter switching method and the varying switching frequency when a hysteresis controller is used. This paper presents a delta modulated current control technique with constant switching frequency. The controller replaces the hysteresis controller used in the previous work. The delta modulator was introduced for use in a single-phase PWM inverter by Zaogas [10] to drive a single-phase induction machine d. It was observed that delta modulation gives inherent constant v/f control, smooth transition from PWM mode to single pulse mode and attenuated lower order harmonics.
In [11] , the delta modulator was implemented in software giving flexible parameter tuning. Software implementation allows online parameter tuning without being limited by electronic equipment constrains. ElKholy [12] presented the simulation of a vector control based delta modulated PWM inverter on a three-phase induction machine. Low torque ripples and low total harmonic distortions were observed from the use of delta modulation.
A variation of the delta modulation technique is presented in [13] where a PI controller was added to the conventional delta modulator. The modified controller produced a higher fundamental voltage than the conventional method. It also had good control of load overshoot and oscillations. Agarwal et al [14] presented an FPGA based delta modulation technique. The technique used two integrators instead of one. This enabled more accurate tracing of the modulating signal by the carrier.
In section II a presentation of the BDCE control method showing how it works with a delta modulated current controller is given. In section III, the delta modulated controller principle of operation is given. The development of the Simulink simulation model for the delta modulated current controlled PWM inverter is presented in section IV. The simulation results obtained from the use of the delta modulation technique are presented in section V.
II. THE BDCE CONTROL METHOD
The Brush-DC Equivalent control method is based on the decoupled control of the torque and the field producing currents. The stator winding is designed such that when appropriate trapezoidal stator current waveforms are applied to the stator, a moving magnetic field is produced in the air gap. For successful BDCE control, at least three stator phases act as field producing phases and at least three stator phases act as torque producing phases. This implies that the minimum number of phases for a BDCE controlled multiphase induction machine is six.
The trapezoidal stator current waveform used in the BDCE control method is constructed by optimizing the ratio of the number of field phases to the number of torque phases for the machine as described in [15] . Fig. 1 shows the nine-phase stator current used in the control of a nine phase induction machine with three field phases and six torque phases. In the figure, ‫ܫ‬ ௧ is the magnitude of the torque current and ‫ܫ‬ is for the field current. The magnitudes of ‫ܫ‬ and ‫ܫ‬ ௧ are determined by the required flux density and the required torque respectively. In Fig.  1 , there are three phases acting as field producing phases and six phases acting as torque producing phases at the time instant ܶ ௫ .
The winding layout of the nine-phase machine is shown in Fig. 2 for a quarter of the machine. The direction of the current corresponds to the time instant ‫ݐ‬ ௫ . When the stator currents of Fig. 1 are applied to a machine with the winding layout of Fig. 2 , a moving air gap magnetic field is produced. At each time instant, this field is produced by three field phases. At the time instant ‫ݐ‬ ௫ , the field around the air gap for half of the stator windings is shown in Fig. 3 with ‫ܫ‬ ௧ = 0.
The moving magnetic field will induce phase voltages in the rotor windings. With the rotor windings shorted, rotor currents will flow and these flowing currents produce a magneto-motive force (mmf), ‫ܨ‬ . This rotor mmf tends to lead to a reduction in the magnitude of the air gap flux density. By supplying an appropriate amount of ‫ܫ‬ ௧ on the stator torque-producing phases, an mmf, ‫ܨ‬ ௧ is produced that balances ‫ܨ‬ . In this way, the air gap flux density magnitude is kept constant. Therefore, it is necessary for ‫ܨ‬ ௧ to be equal to ‫ܨ‬ in BDCE control. This is the balanced mmf condition when ‫ܨ‬ ௧ = ‫ܨ‬ . A control gain, ݇, representing the relationship between ‫ܫ‬ ௧ and the slip speed ߱ ௦ is given in equation (1) . This relationship arises from the balanced mmf condition and is essential for proper BDCE control of multiphase induction machines.
In [7] and [8] it has been shown that a linear relationship exists between the torque current ‫ܫ‬ ௧ and the developed torque, T. This characteristic is found in a separately excited dc machine where there is a linear relationship between the armature current and the developed torque. The torque equation for the nine-phase machine with the winding layout shown in Fig. 2 is given in [9] as:
where ݉ ௧ is the number of torque phases, ܰ ௦ is the number of stator turns in series per phase, ݈ is the stack length, ‫ݎ‬ is the air gap radius, ‫ܤ‬ is the magnetic flux density and ‫ܫ‬ ௧ is the torque current. This also shows the linear relationship between developed torque and torque current. Fig . 4 shows the schematic of a BDCE controlled induction machine drive utilizing a delta modulated current control. The inputs to the BDCE controlled drive are the reference torque and the reference flux. A lookup table is used to determine the value of the current per phase and whether a phase is acting as a torque or fieldproducing phase. The angle measured using the resolver is used to calculate the rotor speed. The rotor speed is used in the PI controller to determine the magnitude of the torque current depending on the difference between the reference speed and the actual rotor speed. The reference current waveform used in the current controller is generated by multiplying the magnitude of the reference current and the value of the current found in a reference current lookup table.
III. THE DELTA MODULATED CURRENT CONTROLLER Delta modulation is used in current-controlled PWM inverters to produce PWM signals that drive the inverter with attenuated low order voltage harmonics. When applied to induction machine drives, delta modulation gives inherent constant v/f control. It also reduces torque pulsations and total harmonic disturbances.
The delta modulated current controller presented in this paper uses trapezoidal reference current waveforms of Fig. 1 . The conventional linear delta modulator is shown in Fig. 5 . An input modulating signal is the reference current waveform used in the controller. The carrier signal is generated by low pass filtering the output voltage pulse . The difference in magnitude between the carrier signal and the modulating signal is the error. The sign of the error signal determines the sign of the comparator output as േ. A sample and hold block is used to hold the quantizer output (hence the inverter output) at a constant value until the next sampling instance. The stored value in the sample and hold block is used in the integrator to generate the next carrier signal. Fig. 4 shows how the delta modulator is utilized in a BDCE controlled drive.
IV. DEVELOPMENT OF THE SIMULATION MODEL
UTILIZING DELTA MODULATED CURRENT CONTROL AND THE PWM INVERTER The schematic diagram of the BDCE controlled drive shown in Fig. 4 is used to produce a Simulink model of the drive. The parameters of the nine-phase cage rotor induction machine used in the BDCE controlled drive model are shown in Table 1 . The parameters are used in calculating the values of the components of the machine model used in the simulation.
The stator phase voltage is used in the simulations to produce the carrier signal. This technique takes care of the stator dynamics and the changes that occur in the dc link to give good performance. The modelling of the stator dynamics and the dc link is therefore not necessary. Any changes in the stator voltage are reflected in the carrier signal produced by low-pass filtering the voltage pulses.
The PWM inverter Simulink model supplying power to the machine is shown in Fig. 6 . Ideal IGBT modules are used as the switching devices. The PWM signal generator model used with the delta modulator is shown in Fig. 7 . The four inverter switches are controlled by two PWM signals. One signal which pushes a positive current is an inverted version of the other which pushes a negative current through the phase. This connection eliminates the shoot through error. In practice, a dead time is programmed into the PWM generator so that one switch is fully off before the other switch on the same leg is switched on.
A Matlab/Simulink model of the nine phase machine drive is developed to simulate the performance of the delta modulated current controller. The results are compared to the results obtained using the hysteresis controller.
V. SIMULATION RESULTS
The BDCE controlled drive is simulated and the results of the simulations are used to determine if the delta modulated current controller can be used in place of the hysteresis controller in the drive. Fig. 8 shows the stator current waveform produced by the hysteresis controller in phase A. The test is done under locked rotor conditions. The stator current is supplied at 12.5 Hz which is a quarter of the rated frequency as stipulated in [16] . The current waveform shows the hysteresis band which has a value of 0.2A. The zoomed in switching waveform is shown in Fig. 9 . Fig. 10 shows the stator current produced using the delta modulated controller. A hysteresis band is used in the controller to enable a fair comparison between the hysteresis current controller and the delta modulated controller. There convergence limitations in the simulation software if no hysteresis band is used in the two-level quantizer block. Fig. 11 shows the switching waveform produced by the delta modulated controller. Although both the hysteresis controller and the delta modulated controller use the same hysteresis band, the delta modulator gives a higher and constant switching frequency as shown in Fig. 11 . The current waveforms produced by the two controllers are quite comparable under locked rotor conditions but the delta modulator gives a smoother waveform.
The relationship between developed torque and the torque current is tested by supplying the stator with the rated field current (5.83A). The torque is then increased linearly while monitoring the corresponding change in developed torque. Fig. 12 shows variation of developed torque with torque current.. The response of the system to a step speed command under a light load is tested to determine the dynamic performance. A command speed close to the synchronous speed and rated field current are used in the test. The results of the test are shown in Fig. 13 to demonstrate that the rotor speed increases at a lower rate than the change in the command speed due to the inertia of the motor which is included in the mechanical model of the motor. The motor develops maximum torque during the acceleration and deceleration instants and the torque current is also high during these instants showing that the torque current changes with the torque while the field current remains constant. This is evidence of the decoupled control of flux and torque as expected of the BDCE control method.
The delta modulator has harmonic filtering characteristics. The power spectral densities of the third and fifth harmonics are measured to validate the characteristic Fig. 14 shows the power spectral density of the third and the fifth harmonic of the stator voltage produced using the hysteresis controller. The power spectra of the harmonics are higher in magnitude compared to those produced through the use of delta modulation shown in Fig. 15 . VI. CONCLUSIONS The feasibility of using a delta modulated current controller in place of the hysteresis controller in the BDCE controlled drive has been investigated through simulations. The simulation results have been presented and show that delta modulation can be used in the current controller for a BDCE controlled drive. They also show that the use of delta modulation filters off the third and the fifth voltage harmonics. The dynamic performance of the drive has also been presented by observing the system's response to a step command speed.
